Mastermind (Mam) is one of the elements of Notch signaling, a system that plays a pivotal role in metazoan development. Mam proteins form transcriptionally activating complexes with the intracellular domains of Notch, which are generated in response to the ligand-receptor interaction, and CSL DNA-binding proteins. In mammals, three structurally divergent Mam isoforms (MamL1, MamL2 and MamL3) have been identified. There have also been indications that Mam interacts functionally with various other transcription factors, including the p53 tumor suppressor, -catenin and NF-B. We have demonstrated previously that disruption of MamL1 causes partial deficiency of Notch signaling in vivo. However, MamL1-deficient mice did not recapitulate total loss of Notch signaling, suggesting that other members could compensate for the loss or that Notch signaling could proceed in the absence of Mam in certain contexts. Here, we report the generation of lines of mice null for MamL3. Although MamL3-null mice showed no apparent abnormalities, mice null for both MamL1 and MamL3 died during the early organogenic period with classic pan-Notch defects. Furthermore, expression of the lunatic fringe gene, which is strictly controlled by Notch signaling in the posterior presomitic mesoderm, was undetectable in this tissue of the double-null embryos. Neither of the single-null embryos exhibited any of these phenotypes. These various roles of the three Mam proteins could be due to their differential physical characteristics and/or their spatiotemporal distributions. These results indicate that engagement of Mam is essential for Notch signaling, and that the three Mam isoforms have distinct roles in vivo.
INTRODUCTION
Notch signaling is one of a small number of signaling pathways used repeatedly during metazoan development to control numerous cell fate decisions. It mediates short-range communication between cells using receptors and ligands that are present on the cell surface (Artavanis-Tsakonas et al., 1995; Bray, 2006; Greenwald, 2005; Kopan and Ilagan, 2009) . In humans, abnormalities in Notch signaling have been linked to various developmental syndromes, adult-onset diseases, and cancers (Kopan and Ilagan, 2009) .
The Notch genes encode single-pass transmembrane receptor molecules. On binding with ligands (Delta or Serrate/Jagged), Notch is cleaved sequentially by ADAM10 protease (Bozkulak and Weinmaster, 2009; van Tetering et al., 2009 ) and a tetrameric -secretase complex at a luminal juxtamembrane site and at an intramembrane site, respectively, releasing the intracellular (IC) domain from the membrane. Acting as a second messenger in the signaling pathway, the NotchIC domain is transported to the nucleus and participates in transcriptional activation through association with promoter elements via the CBF-1, Su(H) and Lag-1 (CSL) [recombination signal sequence-binding protein J (RBP-J) in mammals] DNA-binding proteins. In mammals, the Hes and Hesr (also known as Hey, Herp, Hrt, CHF or gridlock) families are among the primary target genes of the Notch signaling pathway (Bray, 2006; Kopan and Ilagan, 2009) . Mice deficient in one of several essential elements in this signaling pathway die in midgestation with distinctive defects: defective vascular remodeling, aberrant somitogenesis and enhanced neurogenesis (Barsi et al., 2005; Chen et al., 2009; de la Pompa et al., 1997; Donoviel et al., 1999; Hartmann et al., 2002; Herreman et al., 1999; Koo et al., 2005; Li et al., 2003; Oka et al., 1995; Serneels et al., 2005; Shi and Stanley, 2003) . These are considered to be the panNotch phenotypes.
Mastermind (Mam) is one of the components of Notch signaling. Genetic analyses in Drosophila and Caenorhabditis elegans have implied that Mam is an essential positive regulator of this pathway in these species, which possess a single Mam gene in their genomes (Artavanis-Tsakonas et al., 1995; Greenwald, 2005) . We and others have identified a family of Mam genes/proteins in humans, consisting of three members, MAML1 (for Mam-like 1; also known as Mam-1), MAML2 (Mam-3) and MAML3 (Mam-2), and have elucidated their biochemical mechanisms of action (Kitagawa et al., 2001; Lin et al., 2002; Wu et al., 2000; Wu et al., 2002) . All the Mam proteins bind to and stabilize the DNA-binding complex of the NotchIC and CSL proteins in the nucleus. Neither the single NotchIC nor the CSL proteins are able to associate stably with Mam proteins. Concurrently with this ternary complex formation, the activation of transcription from target promoters is potentiated. The three human Mam proteins show remarkable similarities in their functions in vitro, although having an unusual structural diversity. For complex formation, the three mammalian Mam proteins exhibit little preference among the four mammalian Notch proteins. Furthermore, all the Mam proteins can augment the transcription evoked by all the NotchIC domains to comparable degrees. The MAML1 and MAML3 proteins are the most highly related among the family, with 30% identity in the primary structure. The crystal structures of the core parts of the MamNotchIC-CSL ternary complex bound to DNA have been described (Nam et al., 2006; Wilson and Kovall, 2006) . These structures are consistent with the model that we proposed.
This transcriptionally active complex appears to be a point of regulation induced by other signaling cues. The formation of this complex is negatively regulated by phosphorylation of Notch by Nemo-like kinase, an evolutionarily conserved, multifunctional protein kinase (Ishitani et al., 2010) . The multifunctional transcriptional repressor Bcl6 competes with Mam for association with Notch and CSL to repress selected target genes (Sakano et al., 2010) . During somitogenesis, destabilization of Mam by Mesp2 to repress Notch signaling has been shown to be an essential process (Sasaki et al., 2011) . Various covalent modifications of Mam itself have also been reported to regulate the signaling (Lindberg et al., 2010) . A stapled -helical peptide derived from the Notch-binding domain of MAML1 strongly inhibits Notch signaling, both in vitro and in vivo (Moellering et al., 2009) . Furthermore, there have been indications that MamL1 interacts functionally with various other transcription factors, namely Mef2c, the p53 tumor suppressor (Trp53 -Mouse Genome Informatics), -catenin, and NF-B (Alves-Guerra et al., 2007; Jin et al., 2010; Shen et al., 2006; Zhao et al., 2007) .
We and others have previously shown that MamL1 deficiency in mice results in partial disruption of the Notch signal-dependent developmental steps in lymphopoiesis, especially those steps that require relatively strong signaling (Oyama et al., 2007; Wu et al., 2007) . We have also reported that MamL1 deficiency in primary cultured fibroblasts results in reduced activation of a target promoter upon expression of an exogenous NotchIC domain (Oyama et al., 2007) . These results indicate that Notch signaling is partially dependent on MamL1. However, the in vivo functions of the other Mam proteins remain elusive. Furthermore, it is also unknown whether Mam is essential for mammalian Notch signaling or whether it is an auxiliary component used to achieve maximum signal strength.
Here, we describe the generation of MamL3-deficient mice. Although MamL3-null mice have no apparent abnormalities, including the Notch signal-dependent steps in lymphocyte development, embryos null for both MamL1 and MamL3 exhibit the distinctive phenotypes of the pan-Notch defects and reduced expression of Notch target genes. Furthermore, expression of a gene under strict control of Notch signaling during a developmental process is undetectable in the double-null embryos. Thus, Mam is an essential component of Notch signaling in mammals and the two of the three isoforms play a major role during the organogenic period in mice.
MATERIALS AND METHODS

MamL3-and MamL1-deficient mice
A genomic clone containing MamL3 was isolated by screening a genomic library generated from a mouse of the 129 strain with a cDNA encoding murine MamL3 (IMAGE clone 3709010) as a probe. A targeting vector was then constructed in pMC1NeoPolyA (Agilent Technologies, Santa Clara, CA, USA). A diphtheria toxin A gene cassette was ligated at the 3Ј end of the targeting vector. The vector was linearized at the 5Ј end and then introduced into E14-1 embryonic stem (ES) cells (129P2/Ola strain) by electroporation. After selection in a medium containing G418 (400 g/ml; Invitrogen, Carlsbad, CA, USA), clones harboring a targeted allele were identified by Southern blotting using standard procedures. The targeting frequency was ~2%. ES cells with the targeted allele were injected into blastocysts of the C57BL/6 strain (CLEA Japan, Tokyo, Japan). Chimeric males were mated with females of the C57BL/6 strain to obtain heterozygous mice. All animals were genotyped by either Southern blotting or PCR. Germline transmission was obtained from two of the clones. Results obtained with mice from these two lines were indistinguishable. MamL1-deficient mice were as described (Oyama et al., 2007) . The mice were maintained by backcrossing to the C57BL/6 strain. All mice were kept under specific pathogen-free conditions. All the protocols for animal experiments were approved by the Committee of Animal Experiments, Chiba University.
Cell culture and luciferase assay
Primary cultured embryonic fibroblasts (EFs) were prepared from 14.5 days post-coitum (dpc) embryos and cultured in Dulbecco's modified Eagle's medium (DMEM; Nissui Pharmaceutical, Tokyo, Japan) supplemented with 10% fetal bovine serum (FBS). 293T cells were cultured in DMEM supplemented with 10% FBS. EFs seeded on 12-well plates were transfected with pEF-BOSneo with or without Notch1IC, Notch2IC, Notch3IC, or Notch4IC (Lin et al., 2002) , pTP1-luc (Minoguchi et al., 1997) and Renilla luciferase internal control plasmid (pRL-CMV; Promega, Madison, WI, USA) using FuGENE 6 Transfection Reagent (Roche, Basel, Switzerland). Two days after the transfection, the firefly and Renilla luciferase activities were determined using a Dual Luciferase Assay Kit (Promega) and a TD20/20 dual luminometer (Turner Designs, Sunnyvale, CA, USA). Firefly luciferase activities were normalized to the Renilla luciferase control activities. 293T cells were transfected with FuGENE 6.
Western blotting
Western blotting was performed as described previously (Oyama et al., 2007) . B220 + splenocytes were sorted from splenic cells of an 8-week-old female C57BL/6 mouse using fluorescein isothiocyanate (FITC)-antimouse/human B220 antibody (CD45R; eBioscience, San Diego, CA, USA), anti-FITC antibody-conjugated paramagnetic MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany), and an autoMACS separator (Miltenyi Biotec). In the fraction that contained protein extract, 97.1% of the cells were positive for B220. The antibodies used for blotting were: anti-MAML1 (Lin et al., 2002) , anti-MAML3 (A300-684A; Bethyl Laboratories) and anti-MAML2 (A300-682A; Bethyl Laboratories) in Fig.  1D and Fig. 9B ; anti-MAML1 (A300-673A; Bethyl Laboratories, Montgomery, TX, USA) and anti-MAML2 (#4618; Cell Signaling Technology, Danvers, MA, USA) in Fig. 9A ,C,D; anti-NOTCH1 (sc-6014; Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-NOTCH2 (sc-5545; Santa Cruz Biotechnology); anti-Hes1 (a gift from T. Sudo, Toray Pharmaceutical Research Laboratories, Kamakura, Japan); and anti-MycTag (047-3; Medical & Biological Laboratories, Nagoya, Japan).
Real-time PCR
Isolation of total RNA and real-time PCR were performed as described previously (Oyama et al., 2007) . The expression of glyceraldehyde-3-phosphate dehydrogenase was used as an internal control. See supplementary material Table S1 for primer sequences.
Flow cytometry
The reagents used for analyzing the development of thymocytes and splenocytes were as follows: FITC-conjugated-CD21, PerCp-Cy5.5-CD4, PerCp-Cy5.5-CD8 and phycoerythrin (PE)-DX5 were purchased from BD Biosciences (Franklin Lakes, NJ, USA); PE-CD23, allophycocyanin (APC)-B220, FITC-CD44, PE-CD25, FITC-TCR, PE-TCR, APC-CD8 and FITC-Thy-1.2 were purchased from eBioscience. After staining, the cells were analyzed with a FACSCalibur (BD Biosciences).
Whole-mount immunostaining and in situ hybridization
Embryos for immunostaining were fixed in 4% paraformaldehyde in phosphate-buffered saline for 30 minutes at 4°C and incubated with an antibody for platelet-endothelial cell adhesion molecule 1 (Pecam1) (557355; BD Biosciences) overnight at 4°C. A Vectastain Elite ABC Kit (Vector Laboratories, Burlingame, CA, USA) was used for chromogenic development. Whole-mount RNA in situ hybridization was performed as described (Saga et al., 1996) with probes for Uncx4.1 (Uncx -Mouse Genome Informatics) (Mansouri et al., 1997) , Mash1 (Ascl1 -Mouse Genome Informatics) (Hatakeyama et al., 2004) , delta-like1 (Dll1) (Hatakeyama et al., 2004) and lunatic fringe (Lfng) (Evrard et al., 1998) .
Molecular modeling and calculation of binding energy
The three-dimensional structures of murine Notch/RBP-J/DNA with either one of murine MamL1, MamL2 or MamL3 were constructed using the Molecular Operating Environment (MOE; version 2008; CCG, Montreal, Canada) based on the Brookhaven Protein Databank 2QC9 for NOTCH1, 3BRG for RBP-J (CSL), and 2F8X for MAML1. Molecular mechanics calculations for these complexes were performed to prepare the initial structures for the molecular dynamics (MD) simulations using the Amber99 force field in MOE. MD simulations for these complexes were performed using the program AMBER 9 (http://ambermd.org/) with the AMBER force field and the modified TIP3P every 2 fseconds. To calculate the interaction energies and electrostatic complementarities, we employed MOE and MolFeat-EC (FiatLux, Tokyo, Japan) as previously described (Tonooka et al., 2009 ) with some modifications. The three-dimensional structures of the complexes were displayed using MolFeat (Ver. 4; FiatLux). All figures from the MD simulations of these complexes were produced using VMD (http://www.ks.uiuc.edu/Research/vmd/).
Plasmids
cDNAs with the full coding regions of murine MamL1 (mKIAA0200) (Okazaki et al., 2003) and murine MamL3 (Nishimura et al., 2004) have been described previously. The GenBank accession numbers for the MamL1 and MamL3 cDNAs are AK129088 and AB553633, respectively. A Myc-tag epitope derived from pCMV-Tag3 (Stratagene, La Jolla, CA, USA) was fused in-frame to the N-terminus of the coding region of both of the cDNAs. The coding region of the tagged proteins was cloned into pEF-BOS (Mizushima and Nagata, 1990) .
RESULTS
Targeting of the MamL3 gene
The gene encoding MamL3 was disrupted in murine ES cells by inserting the neomycin selection cassette to replace exon 1, which encodes the initiator methionine codon and the basic domain that is essential for the association with Notch and RBP-J (Lin et al., 2002) (Fig. 1A) . Clones harboring the targeted allele were used to generate chimeric mice, which were mated with C57BL/6 mice. Mice 5237 RESEARCH ARTICLE Notch signal requires Mastermind heterozygous for the targeted allele appeared normal and were fertile. When the heterozygous mice were intercrossed, wild-type, heterozygous and homozygous offspring were born in the expected Mendelian ratios (Fig. 1B) . In contrast to the mice deficient in MamL1 that exhibited growth retardation and succumbed before weaning (Oyama et al., 2007) , MamL3 -/-mice were viable, looked healthy and were fertile (Fig. 1C ). Thus far, there were no obvious abnormalities in MamL3 -/-mice, including those related to the deficiencies of Mef2c, p53, -catenin and NF-B.
As revealed by western blotting analysis of EFs, the MamL3 protein was undetectable in homozygous cells whereas it was expressed in wild-type cells (Fig. 1D) . The expression of MamL3 in the heterozygous cells was intermediate. As the antibody was raised against the C-terminal portion of the protein, and no specific band with aberrant mobility was detected in the homozygous cells (T.O. and M.K., unpublished), there was no evidence for generation of truncated proteins by the targeted allele. The expression of MamL1, MamL2, Notch1, Notch2 and Hes1 was not affected by the disruption of MamL3 (Fig. 1D) . When we quantitated the mRNA levels of MamL1, MamL2, MamL3 and Hes1 in fibroblasts by real-time PCR (supplementary material Fig. S1 ), the results were consistent with those obtained by the western blotting shown in Fig. 1D . As the primers for MamL3 were directed against a portion of exon 5, there again was no evidence for the generation of a truncated gene product. These results thus indicate that MamL3 was inactivated by the gene targeting.
To evaluate the contribution of MamL3 to Notch signaling, a reporter assay was performed with the EFs. Regardless of the MamL3 genotype, expression of any of the four paralogs of NotchIC activated a reporter for intracellular Notch signaling to a similar degree ( Fig. 2A) . In contrast to these results, and consistent with a previous publication (Oyama et al., 2007) , activation of the reporter by the NotchICs in MamL1-null EFs was markedly reduced compared with that in the wild-type EFs. Interestingly, the activation in the heterozygous EFs was intermediate between the wild-type and the null EFs, especially for Notch2IC, Notch3IC or Notch4IC, indicating haploinsufficiency of the MamL1 gene (Fig. 2B) .
MamL1 deficiency causes disruption of splenic marginal zone B (MZB) cell formation and partial impairment through the CD4 -CD8 -double-negative stages in thymocyte development (Oyama et al., 2007) . However, the number of splenocytes and the proportion of MZB cells among the B220 + B cells in the spleen were equivalent between the MamL3-deficient mice and the wildtype littermate mice (Fig. 3A) . Furthermore, we found no
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Development 138 (23) significant differences between the MamL3-deficient and the wildtype mice in the number of thymocytes, in the CD4 and CD8 phenotypes ( Fig. 3B ) and in the various phenotypes of the CD4 -CD8 -double-negative fraction of the cells (supplementary material Fig. S2 ). Thus, we found no apparent phenotype associated with deficiency or decrease of Notch signaling in the MamL3-null mice.
Mice lacking both MamL1 and MamL3 die in midgestation with distinctive pan-Notch defects
One explanation for the lack of phenotypes in the MamL3-deficient mice is that other member(s) of the Mam family are compensating for the loss of MamL3. To examine this possibility, we intercrossed the MamL3-deficient and the MamL1-deficient strains (Oyama et al., 2007) . The MamL1
;MamL3
+/-double heterozygous animals exhibited no apparent phenotype. However, analysis of the offspring from the intercrosses of these double heterozygotes demonstrated that loss of both MamL1 and MamL3 resulted in lethality during midgestation (Table 1) . In mice with a mixed 129P2/Ola and C57BL/6 background, the doubly deficient embryos survived up to 12.5 dpc. However, when the intercrosses were performed with those backcrossed to C57BL/6 for more than five generations, the presence of double-deficient embryos obeyed Mendel's law only until 8.5-9.5 dpc. The MamL1 -/-;MamL3 -/-double-null embryos were significantly under-represented at 10.5 dpc on this background (Table 1) . At 9.5 to 10.5 dpc, the yolk sacs of the double-null embryos had a rough texture compared with those of their littermates, and their vessels were hardly visible (Fig. 4A,B) . Most double-null embryos were smaller than the littermate controls (Fig. 4C,D) . The doubledeficient embryos had a single branchial arch, whereas the control embryos carried at least two branchial arches (Fig. 4C,D, arrowheads). Furthermore, the double-null embryos often demonstrated enlarged pericardial sacs and poorly folded hearts (Fig. 4D, arrow) . Staining for the endothelial marker Pecam1 revealed that the blood vessels were present in the embryos of the double-null mutants, but the structure was more primitive and less finely branched in the head region compared with that of the littermates (Fig. 4E-H ). These phenotypes of the double-null embryos resembled those observed in the array of mutants that are deficient in Notch signaling (Barsi et al., 2005; Chen et al., 2009; Donoviel et al., 1999; Hartmann et al., 2002; Herreman et al., 1999; Koo et al., 2005; Li et al., 2003; Roca and Adams, 2007; Serneels et al., 2005; Shi and Stanley, 2003) .
Defective somitogenesis is another characteristic phenotype of mutants that are deficient in Notch signaling (Dequeant and Pourquie, 2008; Oka et al., 1995) . As shown in Fig. 5 , the double heterozygous or either of the single-null mutants at 9.5 dpc showed iterated domains of expression of Uncx4.1, a homeobox gene expressed in the posterior half of mature somites. By contrast, Uncx4.1 was undetectable in the segmental plates of the doublenull embryos (Fig. 5D ). This phenotype resembled those of the mutants deficient in the essential elements of the Notch signaling pathway (Koo et al., 2005; Shi and Stanley, 2003) , consistent with the notion that Notch signaling is deficient during somite development in the absence of both MamL1 and MamL3.
Another distinctive phenotype caused by deficient Notch signaling is accelerated neurogenesis because of a lack of lateral inhibition in the nervous system (de la Pompa et al., 1997; Kageyama et al., 2008) . We first analyzed the expression of five relevant markers by real-time PCR on total RNA isolated from whole embryos at 9.5 dpc. As shown in Fig. 6A , expression of the neuronal marker Map2 (Mtap2 -Mouse Genome Informatics), the proneural transcription factors Mash1 and Math3 (Neurod4 - ;MamL3 +/-mice backcrossed to the C57BL/6 strain for more than five generations are shown. The percentages of the total numbers of embryos at each stage are shown in parentheses. The expected percentages based on Mendelian distribution are also shown. P, postnatal day.
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Mouse Genome Informatics), expression of which is repressed by Hes (Hatakeyama et al., 2004) , and Dll1, which is a target gene of the proneural transcription factors in the nervous tissue, was elevated in the double-null mutants compared with the control littermates. By contrast, both the single-null mutants expressed these mRNAs at levels comparable to those in the control littermates (Fig. 6A) .
We then assessed the phenotype by in situ hybridization. Expression of Mash1 was upregulated in the nervous tissue of the double-null (Fig. 6E) but not of either of the single-null (Fig. 6C,D) embryos, compared with the controls (Fig. 6B) . Furthermore, Dll1 was ectopically expressed in the neural tube and was upregulated in the forebrain and hindbrain in the double-null (Fig. 6I) but not in either of the single-null (Fig. 6G,H ) embryos, compared with the controls (Fig. 6F) . These results indicated that accelerated neurogenesis was present in the double-null but not in either of the single-null mice. In addition, the metameric expression of Dll1 that was observed in the control and the single-null embryos was hardly visible in the double-null embryos (Fig. 6F-I) . These results are consistent with a deficiency of somitogenesis in the double-null embryos, as Dll1 is expressed in somites (Hrabe de Angelis et al., 1997) .
Overall, these analyses revealed that mice doubly deficient for both MamL1 and MamL3 exhibited all the major phenotypes found in mutants that are null for Notch signaling. Thus, it can be considered that MamL1 and MamL3 are essential core elements of the Notch signaling pathway. By contrast, as single deficiency of MamL1 or MamL3 induced none of these phenotypes, we suggest that MamL1 and MamL3 are genetically equivalent and perform redundant roles in these developmental processes.
Expression of Notch target genes is reduced in mice lacking both MamL1 and MamL3
We also analyzed the expression of an assortment of Notch signaling target genes in the total RNA isolated from the embryos. Expression of Hes5, Hesr1 (Hey1 -Mouse Genome Informatics) and Hesr3 (Heyl -Mouse Genome Informatics) was reduced in the double-null mutants but not in either of the single-null mutants compared with the control littermates at 9.5 dpc (Fig. 7A) . These results provide further evidence that MamL1 and MamL3 are essential for Notch signaling during development. Interestingly, expression of Hes1 and Hesr2 was unaffected even in the doublenull mutants. The pattern of changes in Hes1 and Hes5 expression was similar to those observed in the mutants for RBP-J or Notch1, although the degree of reduction of Hes5 expression might be more modest compared with the mutant for RBP-J (de la Pompa et al., 1997). These results might thus be consistent with the notion that MamL1 and MamL3 function in the same pathway as RBP-J and Notch1. Expression of Hes1, Hes5 and Hesr has been shown to be sustained not only by Notch signaling but also by other signaling cues (Itoh et al., 2004; Nakashima et al., 2001; Sanalkumar et al., 2010; Timmerman et al., 2004) .
We thus attempted to examine the expression of a target gene in a context in which it is known to be strictly regulated by Notch signaling. During somitogenesis, Lfng exhibits dynamic oscillatory expression in the posterior presomitic mesoderm (PSM) under the control of Notch signaling (Cole et al., 2002; del Barco Barrantes et al., 1999; Morales et al., 2002; Morimoto et al., 2005) . In the anterior PSM, it is stably expressed in stripe(s) under the control of the Mesp2 transcription factor (Morimoto et al., 2005) , which is upregulated in part by Notch signaling (del Barco Barrantes et al., 1999) . As shown in Fig. 7B-D , the double heterozygotes, or either of the single-null mutants at 9.0 dpc exhibited domains of Lfng expression in one of the three phases of the dynamic oscillatory expression in the posterior PSM (brackets) (Pourquie and Tam, 2001) and in stripes in the anterior PSM (arrowheads). By contrast, such a domain of Lfng expression in the posterior PSM (Fig. 7E, brackets) could not be detected, and the intensity of the stripe of Lfng expression was reduced in the anterior PSM (Fig. 7E, arrowheads) 
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Development 138 (23) of the double-null embryos (n5). Expression of Lfng in nervous tissue, which has been shown to be independent of Notch signaling (Cole et al., 2002) , was detected in the embryos irrespective of the genotype ( Fig. 7B-E) . These results are consistent with the notion that Notch signaling, in terms of target gene induction, was lost in the doubly null mice at least in this tissue. Examination of the total RNA isolated from the embryos also revealed that the expression of MamL1 or MamL3 was disrupted in accordance with the genotypes (supplementary material Fig. S3 ). Interestingly, MamL2 was expressed in all the mutants at similar levels (supplementary material Fig. S3 ).
Notch active transcriptional complex involving MamL2 is less stable than the complexes involving MamL1 or MamL3 in a computerassisted simulation
The genetic analyses indicated that deletion of the two Mam family members resulted in a profound loss of Notch signaling during the organogenic period, even in the presence of the other family member, MamL2. When we compared the primary structures of the basic domains of the three Mam proteins, we found that the portion that would associate with the ankyrin domain of Notch (the Notchbinding domain) was well conserved among the three Mam 5241 RESEARCH ARTICLE Notch signal requires Mastermind proteins, whereas the portion of MamL2 that would associate with RBP-J (the RBP-J-binding domain) was relatively divergent compared with that of MamL1 and MamL3 (Fig. 8A) . This prompted us to perform computer-assisted simulations to calculate the stability of complexes containing any of the three Mam sequences. Based on the published structure of the Mam-Notch-RBP-J-DNA complex, composed of portions of human MAML1, human NOTCH1 and human RBP-J (Nam et al., 2006) , we first calculated structures for complexes containing any of the three murine Mams, murine Notch1, murine RBP-J and DNA by replacing the human homologs or paralogs in the original structure. The three structures were similar, as shown in Fig. 8B , which is their superimposed image. However, the time-dependent behavior of each of these structures computed by an MD simulation indicated that the RBP-J-binding domain and the hinge region (represented as a ribbon) of MamL2 were gradually expelled from the structure, whereas the equivalent portions of MamL1 or MamL3 were not (supplementary material Movie 1). Figure 8C shows the interaction energy between either of the portions of the three Mam proteins and RBP-J during this period. Electrostatic complementarities between the domains of MamL2 and RBP-J were markedly lower compared with those between the domains of the other two Mams and RBP-J (Table 2) . These in silico analyses indicated that the complex involving MamL2 is less stable than those involving MamL1 or MamL3 and might explain our in vivo observations that MamL2 apparently cannot support Notch signaling in certain conditions.
Relative abundance of MamL1 and MamL3 correlates with their relative importance in vivo
An interesting point raised by the genetic analyses was that the relative importance of MamL1 and MamL3 changes during development. During midgestation, MamL1 and MamL3 play equivalent roles: the singly deficient mice showed none of the panNotch phenotypes whereas the doubly deficient mice exhibited all the phenotypes. By contrast, the role of MamL1 dominates that of MamL3 in the development of MZB cells after birth (Fig. 3 ) (Oyama et al., 2007) . MamL1 also plays a more important role than MamL3 in the activation of a target promoter in primary cultured EFs (isolated from 14.5 dpc embryos) after ectopic expression of the intracellular domains of Notch (Fig. 2) (Oyama et al., 2007) . To investigate the cause of these differences, we compared the expression levels of the endogenous MamL1 and MamL3 proteins in these tissues and cells by western blotting, using recombinant murine MamL1 and MamL3 proteins fused with a common epitope tag as controls. These analyses indicated that the expression of
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Development 138 (23) MamL1 and MamL3 in extracts from embryos at both 9.5 and 10.5 dpc was similar and within a threefold difference (Fig. 9A, legend) . Both in the extract from splenic B lymphocytes isolated from 8-week-old mice and in that from EFs, the amount of MamL3 was small and was three to nine times smaller than the amount of MamL1 (Fig. 9B,C) . Figure 9D shows a re-examination of the extracts on a single blot. Based on the results shown in Fig. 9A , images were exposed to provide similar signals for MamL1 and MamL3 from the embryo extracts. In agreement with the results shown in Fig. 9A -C, the expression of MamL1 was only slightly reduced in the EFs and the splenic B cells compared with that in the embryos. Again confirming the titration assay, the expression of MamL3 was markedly reduced in the fibroblasts and the B cells. Overall, the relative expression levels of MamL1 and MamL3 correlated with the importance of these proteins in biological processes. Because in the crystal structures, the components of the Mam-Notch-RBP-J-DNA complex are in 1:1:1:1 stoichiometry, and the stability of the complexes involving MamL1 and MamL3 are similar (Fig. 8C,  Table 2 ), the relative expression of the two proteins might explain their relative importance in vivo.
Interestingly, when we stripped the filter and blotted it with an anti-MamL2 antibody, we found that the expression of MamL2 in the fibroblasts and the B cells was significantly higher than that in the embryos (Fig. 9D) . Unfortunately, however, as no full-length cDNA for MamL2 is available at this moment, we could not titrate the blots for MamL2 relative to those for MamL1 and MamL3.
DISCUSSION
The classic pan-Notch phenotypes displayed by the MamL1 -/-;MamL3 -/-mice indicate that Mam is necessary for Notch signaling in mammals. Altered expression of several Notch target genes in the embryos, especially loss of the Lfng-expressing domain in the posterior PSM, is consistent with this. Unexpectedly, the pan-Notch phenotypes were evident after disruption of just two of the three Mam genes. According to the MD simulation, MamL2, of which the primary structure is the most divergent among the Mam family, forms a complex that is less stable than those formed by MamL1 or MamL3. This might explain why Notch signaling is profoundly disrupted in the doubly deficient mice, even in the presence of MamL2. In the in vitro assays, the three Mam proteins showed similar functions (Lin et al., 2002) . This might be because transfected Mam proteins would be expressed at much higher levels than the endogenous proteins and they could saturate even weak binding sites. Another possible explanation is that the expression of MamL2 in the embryos is low and is insufficient to support signaling strong enough to evoke biological responses. The relatively low expression of MamL2 in the embryos compared with the fibroblasts and the splenic B cells (Fig.  9D ) hints at this. These two explanations are not mutually exclusive and might apply simultaneously.
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Although the Lfng-expressing domain was undetectable in the posterior PSM of the MamL1 -/-
;MamL3
-/-embryos, the degree of reduction in Hes5 expression in the mutants (Fig. 7A) appears to be more modest compared with that in the RBP-J mutants (de la Pompa et al., 1997) . There is thus a possibility that the residual MamL2 still contributes to such remaining signaling activity, of which the strength seems insufficient to suppress the Notch phenotypes in some tissues.
The pan-Notch phenotypes seen in the MamL1 -/-;MamL3 -/-mice have been shown to be dependent on Notch1 and Notch4 (Krebs et al., 2000) , or Notch1 (de la Pompa et al., 1997). Thus, both MamL1 and MamL3 are likely to be able to participate in the ternary complexes in vivo that contain either of these Notch species. Although in the current study we could not examine phenotypes dependent on Notch2 or Notch3 in the double-null embryos because of their early death, we and others have already shown that MamL1 is necessary for Notch2-dependent development of splenic MZB cells (Oyama et al., 2007; Wu et al., 2007) . Thus, MamL1 can form part of the in vivo ternary complex containing at least Notch1, Notch2 and Notch4. These results are consistent with the results of the luciferase assay, RESEARCH ARTICLE Development 138 (23) which showed that MamL1 deficiency affects signaling by all four Notch proteins (Fig. 2B) . They are also consistent with our previous results involving overexpression of these components (Lin et al., 2002) . However, as the degree of reduction of the activation evoked by the four NotchICs in the MamL1-deficient fibroblasts is variable (20-50% of the wild-type cells, depending on the type of NotchIC), subtle preferences between Mam and Notch species might exist. Recombinant Notch1IC and RBP-J proteins form complexes in vitro in the absence of Mam (Ishitani et al., 2010; Nam et al., 2003) . In the Mam-NotchIC-RBP-J transcription-activating complex, a major activation domain is provided by Notch (Kurooka and Honjo, 2000; Oyama et al., 2007) . Thus, one may envisage that the Notch-RBP-J complex can activate the target genes to a greater or lesser extent to induce its biological consequences. However, the genetic evidence obtained here clearly shows that the activity provided by the Notch-RBP-J complex is insufficient to evoke such outcomes. Mam is indispensable for activating the complex sufficiently to execute biological responses, possibly, at least in part, by stabilizing the complex.
Consistent with the studies involving overexpression (Lin et al., 2002) , the gene dosage of MamL1 correlates well with the strength of Notch signaling, especially for Notch2, Notch3 and Notch4 (Fig.  2B) . Furthermore, the gene dosage also correlates with a particular phenotype, the generation of splenic MZB cells (Wu et al., 2007) . Thus, Mam potentially serves as a regulatory point for the signaling strength, and its modification might have biological significance.
The results shown in Fig. 9D might be consistent with the notion that MamL2 plays a role in supporting Notch signaling later in life than 10.5 dpc. Indeed, it has recently been shown that aberrantly expressed MAML2 in human lymphomas contributes to pathological activation of Notch signaling in these cells (Köchert et al., 2011) . Thus, MamL2 might be the factor that supports the residual signaling activity seen in the MamL1-deficient fibroblasts (Fig. 2B) . Further work, such as analysis of mice mutant for MamL2, is necessary to clarify these issues.
In contrast to MamL1, single deficiency of MamL3 results in a benign phenotype. However, we have shown that MamL3 plays a redundant role with MamL1 to support Notch signaling during the early organogenic period. Thus, it is possible that MamL3 also plays a similar redundant role in later development, although the lethality of the double-deficient mice hampered such analysis in the current study.
Overall, each of the three mammalian Mam species seems to have a unique role in vivo. This is reminiscent of the case for the four mammalian Notch species (Conlon et al., 1995; Domenga et al., 2004; Hamada et al., 1999; Kitamoto and Hanaoka, 2010; Krebs et al., 2000; Radtke et al., 2010; Swiatek et al., 1994) . However, assignment of roles to the Notch species seems to have occurred independently from that of the Mam species. Thus, different combinations of Mam-Notch might have distinct in vivo functions, depending on spatiotemporal criteria.
